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(57) ABSTRACT 

An apparatus for the treatment of a liquid that includes a 
chamber having at least one inner Surface, the chamber 
adapted for passage of a fluid therethrough. The chamber is at 
least 80 percent enclosed. The apparatus also includes an 
optional ultraviolet-transmissive tube disposed within the 
chamber and also adapted for the passage of the liquid there 
through. The apparatus further includes an ultraviolet lamp 
disposed within the chamber and, optionally, within the ultra 
violet-transmissive tube. A reflective material is interposed 
between the chamber and the transmissive tube. The reflec 
tive material is adapted so as to reflect at least a portion of 
light emitted by the ultraviolet lamp, wherein the reflective 
material is at least 80 percent reflective. 

  



Patent Application Publication Apr. 1, 2010 Sheet 1 of 8 US 2010/0078574 A1 

108 106 

102 

104 

100 

Fig. 1 

  



Patent Application Publication Apr. 1, 2010 Sheet 2 of 8 US 2010/0078574 A1 

206 

Fig. 2 

  



Patent Application Publication Apr. 1, 2010 Sheet 3 of 8 US 2010/0078574 A1 

N 208 
riff 210 

SSSSSSSSSSSSSSSSSS 2 2 

s .." 

202 

204 gasessssssssssssssssssss?sssss 

rule." 
remain-law,"*"u". *"..."------- 

s(s 210 N 
208 

Fig.3 



US 2010/0078574 A1 Apr. 1, 2010 Sheet 4 of 8 Patent Application Publication 

Fig. 4 

  



Patent Application Publication Apr. 1, 2010 Sheet 5 of 8 US 2010/0078574 A1 

3. 
. 

S. 

  



Patent Application Publication Apr. 1, 2010 Sheet 6 of 8 US 2010/0078574 A1 

Incident from lamp 
Incident from lamp 

0.2 0.4 0.6 0.8 

Distance from lamp a.u. 

it incident from lamp 
- - Reflected light 

0.2 0.4 0.6 0.8 

Distance from lamp a.u. 

mem. Incident from lamp 
- m. Reflected light 

Incident-reflected 

0.2 0.4 0.6 0.8 
Distance from lamp a.u. 

  

    

    

  

  



Patent Application Publication Apr. 1, 2010 Sheet 7 of 8 US 2010/0078574 A1 

210 

212 

Fig. 7 

  



Patent Application Publication Apr. 1, 2010 Sheet 8 of 8 US 2010/0078574 A1 

206 

  



US 2010/0078574 A1 

ULTRAVOLET LIGHT TREATMENT 
CHAMBER 

CROSS-REFERENCE TO RELATED 
APPLICATION(S) 

0001. This document is a continuation-in-part application 
that is related to, and claims priority from, U.S. patent appli 
cation Ser. No. 11/959,445, also entitled “Ultraviolet Light 
Treatment Chamber, and filed on Dec. 18, 2007, as well as 
U.S. patent application Ser. No. 1 1/217,772, also entitled 
“Ultraviolet Light Treatment Chamber, and filed on Aug. 31, 
2005, which are commonly owned, and which are hereby 
incorporated by this reference in their entirety. 

TECHNICAL FIELD 

0002 The present invention technically relates to the treat 
ment of fluids using ultraviolet light. More specifically, the 
present invention technically relates to the treatment of fluids 
using ultraviolet light. Even more specifically, the present 
invention technically relates to the treatment of fluids using 
ultraviolet light for deactivating microorganisms. 

BACKGROUND ART 

0003 Various approaches are used to reduce contamina 
tion in liquids and gases, such as in municipal drinking water 
Supplies, ultrapure water systems for industrial processing 
and pharmaceutical manufacture, water and reagents for use 
in experimentation, gases used in sterile rooms, and the like. 
Such approaches are often used to reduce or eliminate the 
need for chemical aerosols, chemical preservatives, microfil 
tration, and like materials as well as processes for the treat 
ment of liquids and/or gases. 
0004 An apparatus for irradiating media by means of a 
UV light that is external to a tubular body has been described, 
e.g., U.S. Pat. No. 4,948,980, which is herein incorporated by 
reference. U.S. Pat. No. 4,948,980 provides an apparatus 
having a tubular body through which medium to be irradiated 
flows, and at least two UV light sources with reflectors 
arranged externally in relation to the tubular body and having 
parallel axes. The apparatus described in U.S. Pat. No. 4,948, 
980 relies on specular reflectors to control the uniformity of 
the light pattern delivered by the lamps. The lamp sources are 
relatively flat and aligned on their edges within the specular 
reflector in order to minimize the optical effects in the reflec 
tor. Unfortunately, U.S. Pat. No. 4,948,980 describes 
approaches that significantly limit the amount of dosage that 
can be provided to effectively treat a liquid or gas. For 
instance, U.S. Pat. No. 4,948,980 does not appreciate the use 
of a high reflectivity diffuse reflector to treat a liquid or gas 
with a low absorption cross-section nor does the patent antici 
pate a large increase in dose delivered to a target as the net 
reflectivity of the entire chamber approaches 100 percent. 
0005 U.S. Patent Application Publication No. 2004/ 
0.166018, herein incorporated by reference, describes a UV 
air sterilization chamber comprising inner Surfaces having a 
diffuse reflective behavior. The sterilization chamber 
includes an inlet aperture and an outlet aperture for air to flow 
through the chamber and a light source emitting a UV light. 
Unfortunately, the approaches described in U.S. Patent Appli 
cation Publication No. 2004/0166018 Suffer from Several 
problems. For example, since these approaches do not 
attempt to increase the transparent or translucent containment 
Volume compared to total chamber Volume, the performance 
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of the apparatus is not maximized. In addition, the reflector 
used is not isolated from the medium being treated; and no 
option exists for replacing lamps without opening the cham 
ber, thereby increasing the difficulty in using and maintaining 
the system. 
0006. In U.S. Pat. No. 6.228,332, herein incorporated by 
reference, discloses a short-duration, high-intensity pulsed 
broad-spectrum polychromatic light being used to treat water 
for the deactivation of microorganisms. As described in U.S. 
Pat. No. 6,228.332, deactivation of microorganisms in water 
involves illuminating the water with at least one short-dura 
tion, high-intensity pulse of broad-spectrum polychromatic 
light. The system includes a watertight housing having an 
inlet port and an outlet port for the flow water. A tubular light 
Source for deactivating microorganisms and a tubular baffle 
for directing the water flow are positioned within the water 
tight housing. Water enters the inlet port and flows between 
the watertight housing and the tubular baffle in one direction, 
around the end of the tubular baffle and back through the 
center of the tubular baffle in a second direction exiting the 
outlet port. In this case, water flows around the tubular light 
Source which provides at least one short-duration, high-inten 
sity pulse of broad-spectrum polychromatic light. However, 
the approaches described in this patent also suffer from sev 
eral problems. For example, the efficiency of the approaches 
described in U.S. Pat. No. 6,228.332 are limited, because 
these approaches do not use a reflective surface or Substan 
tially enclose the treatment chamber in order to treat the liquid 
Orgas target. 

SUMMARY OF THE INVENTION 

0007. The present invention addresses the foregoing needs 
and other problems in the related art. The present invention, in 
various embodiments, relates generally to methods and appa 
ratuses for the treatment of liquids and gases using ultraviolet 
light. Approaches are described herein that advantageously 
allow for treating and/or reducing contamination in fluids, 
e.g., liquids and gases, such as in municipal drinking water 
Supplies, ultrapure water systems for industrial processing 
and pharmaceutical manufacture, water and reagents for use 
in experimentation, gases used in sterile rooms, and the like. 
The present invention approaches provide easy economical 
implementation and provide higher effective treatment doses 
for the target liquid or gas for a given power input as com 
pared with previous approaches. The approaches may be used 
to reduce or eliminate biological agents. Additionally, these 
approaches may be used to remove or eliminate or activate 
chemicals. 
0008. In one embodiment of the present invention, an 
apparatus for the treatment of a liquid includes a chamber 
having at least one inner surface. The chamber is at least 80 
percent enclosed. The apparatus also includes an ultraViolet 
(UV-)transmissive tube which is disposed within the chamber 
and is adapted for the passage of the liquid (or gas) there 
through. The apparatus further includes a UV lamp; and the 
UV lamp is disposed within the UV-transmissive tube. A 
reflective material is interposed between the chamber and the 
transmissive tube, and the reflective material is adapted so as 
to reflect at least a portion of light emitted by the UV lamp. In 
one example, the reflective material is at least 80 percent 
reflective. The fluid, e.g., the liquid, may, alternatively, travel 
between two UV-transmissive tubes, wherein one UV-trans 
missive tube is concentrically disposed within the other UV 
transmissive tube. 
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0009. In many of these embodiments, the confluence of a 
first light from the UV lamp and a second light (and subse 
quent light) reflected from the reflective material produces an 
unexpectedly, generally, uniform light distribution to occur 
within a volume of the liquid. In other words, the light distri 
bution using the present invention approaches is generally 
more uniform than expected than that of related art systems. 
0010. In others of these embodiments, increased fluence is 
achieved due to a better reflector or reflective surface when 
using highly transmissive liquids or gases. In this case, a 
Substantial of the Surface area, e.g., greater than 80%, Sur 
rounding the liquid is highly reflective. 
0011. In still other embodiments, increased uniformity 
and increased fluence are achieved. If the transmissivity of the 
liquid is Substantially high, the increase in uniformity may 
occur, but it does impact performance as much as the 
increased fluence. 

0012. The reflective material may be disposed in a variety 
of different ways. In one example, the reflective material is 
disposed so as to line the inner surface of the chamber. In 
another example, the reflective material is disposed on the 
outer surface of the transmissive tube. In another example, the 
reflective material is disposed by coating the reflective mate 
rial onto the inner surface of the chamber. Yet in another 
example, the reflective material is disposed on the outer Sur 
face of the transmissive tube, wherein a fluid flows between 
the UV lamp and the transmissive tube, and wherein the UV 
lamp may be concentrically disposed within the transmissive 
tube. 

0013 The UV lamp may also be disposed in a number of 
different configurations and positions. In one example, the 
UV lamp is disposed within a transmissive protective sleeve, 
the transmissive protective sleeve being optionally concentri 
cally disposed within the UV transmissive tube. Other con 
figurations and placements of the UV lamp are possible in the 
present invention; e.g., off-center dispositions, by example 
only. 
0014. Additionally, the reflective material may be com 
posed according to a number of different formulations. For 
example, the reflective material may comprise at least one 
material, such as polytetrafluoroethylene (PTFE), expanded 
polytetrafluoroethylene (ePTFE), coated aluminum, anod 
ized aluminum, and polished aluminum. In addition, the 
reflective material may comprise a mixture of a binder and a 
reflective additive. The reflective additive may comprise at 
least one material. Such as barium Sulfate, magnesium fluo 
ride, magnesium oxide, aluminum oxide, titanium oxide, hol 
mium oxide, calcium oxide, lanthanum oxide, germanium 
oxide, tellurium oxide, europium oxide, erbium oxide, 
neodymium oxide, Samarium oxide, ytterbium oxide, and 
Zirconium oxide. 

0015 The apparatus may also include an input and output 
port for accommodating the UV-transmissive tube, e.g., 
where the UV-transmissive tube enters and exits the chamber. 
Each of the ports may assume a number of different configu 
rations. 

0016. Additionally, the ultraviolet irradiance provided by 
the present invention approaches may fall into a variety of 
different ranges. In one example, the ultraviolet irradiance 
impinging on the liquid is in the range of approximately 0.01 
W/cm to approximately 20 W/cm. Other examples of 
ranges are also possible and fall within the present invention. 
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BRIEF DESCRIPTION OF THE DRAWING 

0017 For a better understanding of the present invention, 
reference is made to the below-referenced accompanying 
Drawing(s). Reference numbers refer to the same or equiva 
lent parts of the present invention throughout the several 
figures of the Drawing(s). 
0018 FIG. 1 is a schematic diagram of an ultraviolet light 
treatment system, in accordance with an embodiment of the 
present invention. 
0019 FIG. 2 is a schematic diagram of an ultraviolet treat 
ment system, in accordance with another embodiment of the 
present invention. 
0020 FIG.3 is longitudinal cross-section of the ultraviolet 
treatment system of FIG. 2. 
0021 FIG. 4 is an exterior perspective view of the treat 
ment system of FIG. 2. 
0022 FIG. 5 is a side view of the ultraviolet treatment 
system of FIG. 2. 
0023 FIGS. 6-8 are charts showing light absorption prop 
erties of an ultraviolet light treatment system in accordance 
with various embodiments of the present invention. 
0024 FIG. 9 is the schematic diagram, showing a treat 
ment system having the reflective material disposed on an 
inner Surface of a chamber, in accordance with an alternative 
embodiment of the present invention. 
0025 FIG. 10 is a schematic diagram, showing the fluid 
being disposed between two UV-transmissive tubes in accor 
dance with an alternative embodiment of the present inven 
tion. 

MODE(S) FORCARRYING-OUT THE 
INVENTION 

0026. The following is a description that includes the best 
modes presently contemplated for practicing the invention. 
This description is not to be taken in a limiting sense, but is 
made merely for the purpose of describing the general prin 
ciples of the invention and providing examples thereof. The 
scope of the present invention should be ascertained with 
reference to the issued claims. 
0027. The present apparatus provides for a large reduction 
in the total UV power required to treat a target liquid orgas to 
a specified dose level. This is accomplished by enclosing the 
target and the UV light source within a chamber which has 
walls with an extremely high-reflectivity lining or coating and 
by minimizing the size and number of openings in the cham 
ber wall and absorbing surfaces within the chamber. The 
chamber design allows for increased photon deposition 
resulting in enhanced UV irradiation efficiency. Synergy is 
achieved by combining both of these criteria, because the 
dose delivered to the target increases exponentially as the 
chamber wall reflectivity and the percentage of the chamber 
enclosure approach 100 percent. The resulting synergistic 
effect is more efficient than the summation of the individual 
effect of each criteria. For example, a fully enclosed chamber, 
with 99%-reflective walls, will deliver 10 times the dose to the 
target than will an identical chamber with 90% reflective 
walls. 
0028 Treatment of a fluid, e.g., a liquid or a gas, within a 
UV-transmissive tube to separate the fluid from the chamber 
walls has advantages. Such a tube could be introduced into the 
above-described chamber. In order to maximize the dose 
delivered to the target within the UV-transmissive tube and 
the transmissive media carrying the target inside the tube, the 
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UV-transmissive tube should enclose as much of the chamber 
volume as possible. This minimizes the amount of light which 
would otherwise be reflected between the walls without pass 
ing through the UV-transmissive tube and into the target area. 
0029. Ultraviolet light, which has shorter wavelengths 
than visible light, is considered to include wavelengths mea 
Suring approximately between 10 nm and approximately 400 
nm, generally corresponding to frequencies between approxi 
mately 7.5x10" Hz to approximately 3x10" Hz. On the 
electromagnetic spectrum, ultraviolet light has wavelengths 
less than violet light in the visible spectrum and wavelengths 
greater than X-rays. Ultraviolet light is divided into three 
categories: near ultraviolet (NUV), which is closest to visible 
light, comprising wavelengths from approximately 300 nm to 
approximately 400 nmi; far ultraviolet (FUV), located after 
NUV, comprising wavelengths from approximately 200 nm 
to approximately 300 nmi; and extreme ultraviolet (EUV) 
located after FUV and before X-ray wavelengths, comprising 
wavelengths from approximately 100 nm to approximately 
200 nm. Ultraviolet light is also divided, based on biological 
effects, into UV-A (approximately 320 nm to approximately 
400 nm), UV-B (approximately 280 nm to approximately 320 
nm), and UV-C (approximately 100 nm to approximately 280 
nm) bands which do not directly correspond to the aforemen 
tioned designations. 
0030. While most UV irradiation processes can occur 
when stimulated by UV photons with wavelengths longer 
than 200 nm, many applications use sub-200 nm light to 
increase the process rates. In this regime, the efficiency of 
most light sources is relatively low in the related art. This low 
efficiency further drives the long-felt need in the related art 
for an efficient system to deliver the UV photons to their 
desired target. 
0031 Generally, the present invention methods and appa 
ratuses for the treatment of fluids; e.g., liquids and gases, 
using ultraviolet light are described, infra. Although the fol 
lowing description is particularly directed to the treatment of 
fluids, understood is that the apparatus of the present embodi 
ment may be easily adapted for the treatment of Solid mate 
rials as well. Such as particles in Suspensions or emulsions, 
foodstuffs, Surgical instruments, and the like. For example, 
the treatment chamber may be adapted to remove the tubing 
material and input and output ports and replaced with a cavity 
for the placement of a solid material. This arrangement may 
render the treatment chamber fully or nearly fully enclosed. 
Besides Solid materials, fluids enclosed in a container, such as 
vials of reagents, pouches of blood and blood components, 
and other prepackaged fluids may be treated using a slightly 
modified apparatus of the present invention. 
0032 Ultraviolet light is useful for deactivating or killing 
microorganisms, including bacteria, viruses, fungi, mold 
spores, protozoa, and like biological materials. Deactivation 
is caused when ultraviolet radiation alters or mutates biomol 
ecules, such as nucleic acids, i.e., deoxyribonucleic acid 
(DNA) and/or ribonucleic acid (RNA), and proteins, e.g., 
enzymes. When native DNA is exposed to a sufficient level of 
ultraviolet radiation, mutations are formed in the genetic 
material. The most common mutations are the 5,6-cyclobutyl 
dipyrimidines, pyrimidine dimers, pyrimidine adducts, pyri 
midine hydrates, and DNA-protein crosslinks. Direct protein 
damage is less common, but indirect damage of other biomol 
ecules resulting from proteins absorbing wavelengths greater 
than 290 nm, is particularly relevant. Proteins absorbent at 
these wavelengths generally contain tryptophan and tyrosine. 
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In the presence of oxygen, energy transfer from the excited 
triplet state of tryptophan occurs, thereby producing a singlet 
oxygen. Thus, tryptophan in protein acts as an endogenous 
photosensitizer in the UVB wavelength range by producing 
free-radical oxygen which reacts with proteins, unsaturated 
lipids, and bases in nucleic acids. In any case, ultraviolet 
radiation promotes the generation of singlet oxygen and 
hydroxyl-free radicals which can damage cellular proteins, 
lipids, and carbohydrates. 
0033 Membranous microorganisms are deactivated or 
killed when ultraviolet radiation penetrates the organism’s 
membrane and alters its genetic material and, to a lesser 
extent, proteins, e.g., enzymes. In cases where an organism 
has Sustained significant biomolecular damage, the microor 
ganism may die. In cases where the genetic and/or proteina 
ceous material has been altered, but perhaps not completely 
destroyed, the microorganism may no longer be able to repro 
duce. Without the ability to reproduce, coupled with the short 
lifespan of most microorganisms, population size will dimin 
ish rapidly in material treated with ultraviolet radiation. 
0034. In the case of viruses, ultraviolet radiation mutates 
the genetic material Such that the viruses are no longer 
capable of infecting host cells and/or multiplying within a 
host organism using the host’s cellular machinery. The UV 
dose for deactivating 99.99% of typical bacteria, such as 
Enterobacteria cloacae, Klebsiella pneumoniae, Pseudomo 
nas aeruginosa, Salmonella typhimurium A, Vibrio cholerae, 
and Escherichia coli, in a range of approximately 20 m.J/cm 
to 30 ml/cm. For spore forming bacteria such as Bacillus 
subtilis in the sporulated State, the dose is higher, e.g., usually 
at least approximately 60 m.J/cm. Deactivation of viruses, 
Such as polio and rotavirus, requires a dose in a range of 
approximately 30 ml/cm to approximately 40 m.J/cm, but 
other viruses can require higher doses. Protozoa, such as 
Cryptosporidium parvum and Giardia muris, have been 
killed with doses as low as approximately 10 ml/cm (Ultra 
violet Applications Handbook, 2" Ed., James R. Bolton, 
Bolton Photosciences, Inc., 2001, p. 37). 
0035 Ultraviolet light is also used to decompose chemi 
cals, particularly organic chemicals, into components which 
are safer or which can be more easily removed by activated 
carbon filtration, resin beds, or reverse osmosis, any of which 
are features which may be used in conjunction with the 
present apparatus and methods. This decomposition results 
from both direct photon absorption or by decomposition by 
OH radicals which are produced in the proximity of the 
chemical molecule by the interaction of the ultraviolet light 
with water molecules or possibly other sources of OH 
radicals. The decomposition may be also be achieved by 
using advanced oxidation methods, such as adding oZone or 
hydrogen peroxide in combination with using ultraviolet 
light. 
0036. A table of dissociation wavelengths and the maxi 
mum wavelength which can cause this dissociation for com 
mon chemical bonds in organic Substances follows: The 
application of UV technology to pharmaceutical water treat 
ment. Bakthisaran, S., European Journal of Parenteral Sci 
ences, 3(4), pp. 97-102, 1998. 
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Dissociation Energies for Interatonic Bonds in Organic Substances 

Dissociation Energy Maximum Wavelength for 
Chemical Bond (UV Dose) (kcal/gmol) Dissociation (nm) 

C–C 82.6 346.1 
C-C 14.5 1961 
C=C 1996 143.2 
C- CI 81.0 353.0 
C- F 116.0 246.5 
C- H 98.7 289.7 
C- N 72.8 392.7 
C-N 147.0 1945 
C=N 212.6 134.5 
C- O 85.5 3344 
C=O (aldehydes) 176.O 1624 
C=O (ketones) 179.0 159.7 
C- S 6S.O 439.9 
C-S 166.O 1722 
H. H. 104.2 274.4 
N. N. S2.O S49.8 
N-N 60.0 476.5 
N=N 226.0 126.6 
N H (NH) 85.0 336.4 
N H (NH3) 102.2 280.3 
N O 48.0 595.6 
N-O 162.O 176.5 
O—O(O2) 119.1 24O1 
—O—O— 47.0 608.3 
O—H (water) 117.5 243.3 
S- H 83.0 3445 
S- N 115.2 248.6 
S- O 119.0 240.3 

0037 Turning to FIG. 1, a schematic diagram of a treat 
ment chamber is depicted, in accordance with the present 
invention. Shown are a chamber 100, an ultraviolet lamp 102, 
an ultraviolet transmissive tube 104, a fluid, e.g., a liquid, 106, 
a light reflective material 108, and an optional UV-transmis 
sive tube (or lamp sleeve) 110. Alternatively, the ultraviolet 
lamp may be enclosed within the ultraviolet transmissive tube 
104. The chamber 100 contains an ultraviolet lamp 102 and an 
ultraviolet transmissive tube 104. The ultraviolet lamp 102 
may be enclosed by the optional transmissive tube 110. The 
chamber 100 may be coated or covered or lined with a light 
reflective material 108, as shown in FIG. 1. The ultraviolet 
lamp 102 may be located in a physically separate position, as 
shown in FIG. 1, from the ultraviolet transmissive tube 104. 
The light transmissive tube 104 runs through the chamber 100 
where it is exposed to ultraviolet light provided by the ultra 
violet lamp 102. The tube 104 may carry any type of fluid, 
e.g., a liquid 106 or a gas, including for example, water, air, 
experimental reagents, blood components, e.g., red blood 
cells, white blood cells, and plasma, beverages for consump 
tion, and the like. Therefore, as the liquid 106 passes through 
the ultraviolet transmissive tube 104, the liquid 106 is 
exposed to ultraviolet photons useful for the treatment of the 
liquid 106. 
0038. The chamber 100 of FIG. 1 has an input and output 
port (not shown) for an ultraviolet transmissive tube 104 to 
run through chamber 100. However, the input and output 
ports are fashioned as such to render the chamber 100 as 
Substantially enclosed as possible. For example, the input 
and/or output ports may utilize elbow, coiled, or other serpen 
tine paths for gas and/or liquid flow to increase enclosure of 
the chamber 100. To further enhance enclosure, the flow path 
may be constricted to a smaller diameter and/or the reflector 
may be extended to a distance beyond the Zone in which light 
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is introduced. Additionally, certain features such as baffles 
may also be incorporated into the apparatus to optimize light 
containment within the chamber 100. In any case, any number 
and combination of the aforementioned techniques and 
devices may be used to increase chamber enclosure. As is 
further described herein below, the apparatus reaches maxi 
mum efficiency when the chamber 100 approaches 100 per 
cent enclosure and the reflective material 108 approaches 100 
percent reflectivity. 
0039. Although the chamber 100, depicted in FIG. 1, is 
coated with a reflective material 108, understood is that any 
type of reflective material 108 or apparatus may be used. For 
example, the reflective material 108 which may be coated on 
the inside of the chamber 100 may comprise at least one 
material, such as polytetrafluoroethylene (PTFE), expanded 
polytetrafluoroethylene (ePTFE), and other similar plastic. 
The reflective material 108 may be coated, anodized, or pol 
ished aluminum. In another embodiment, the reflective mate 
rial 108 may be a reflector such as a diffuse or specular 
reflector, near, but not necessarily attached, to the chamber 
wall. Any type of specular reflector, in any type of shape, may 
be used with the present embodiment. In any form, the reflec 
tive material 108 should have a high level of reflectivity. In 
one embodiment, the reflectivity level of the reflective mate 
rial 108 is in the range of 80 percent to 100 percent, and more 
preferably, 90 percent to 100 percent. 
0040 Although the exact percent reflectivity may change 
depending on the particular needs of an apparatus, understood 
is that the higher the reflectivity, the higher the efficiency of 
the treatment chamber. For example, a fully enclosed cham 
ber comprising a material with a 90 percent reflectivity will 
have a lower dose on the target in comparison to a fully 
enclosed chamber comprising a reflective material with a 99 
percent reflectivity. Assuming that the exemplary target and 
walls are the only absorbers in the chamber, on average a 
photon will be reflected back and forth 10 times more in the 
99 percent reflective chamber than the 90 percent reflective 
chamber before being absorbed by the reflective material. 
Thus, the photons are 10 times more likely to be absorbed by 
the target in a 99 percent reflective chamber than the 90 
percent reflective chamber when the chamber is entirely 
enclosed. Therefore, the 99 percent reflective chamber deliv 
ers 10 times the ultraviolet light dose on the target as the 90 
percent reflective chamber. 
0041. Similarly, a 99 percent enclosed chamber will 
deliver a higher ultraviolet light dose on a target than a 90 
percent enclosed chamber. In a less enclosed chamber, pho 
tons are more likely to be reflected out of the chamber, thus 
reducing the likelihood of the photons being absorbed by the 
target. As such, the dosage of ultraviolet light treatment ulti 
mately delivered to a target material is inversely related to 
absorbance where reflectivity of the apparatus components 
and enclosability of the chamber affects absorbance. 
0042. The ultraviolet lamp 102 may be of any type useful 
for providing ultraviolet radiation, such as low pressure mer 
cury lamps, medium pressure mercury lamps, excimer lamps, 
flashlamps with Xenon and other fill mixtures, and micro 
wave-driven lamps. The ultraviolet lamp provides at least one 
wavelength less than approximately 400 nm to a target for the 
deactivation or killing of biological materials, the direct 
destruction of chemicals, and the indirect destruction of 
chemicals through advanced oxidation by therein using oxi 
dizing agents, such as H2O and Os. The ultraviolet lamp 102 
may be enclosed by the optional transmissive tube 110 
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thereby allowing a technician to safely change the lamp 102 
without opening the main chamber. Such a tube 110 is 
optional and may be applied to the present embodiment for 
ease of operation; however, the present embodiment will 
function without the tube 110. 
0043. The ultraviolet transmissive tube 104 comprises any 
material that is substantially transmissive to ultraviolet light. 
To achieve maximum efficiency of the treatment chamber, an 
ultraviolet transmissive tube material, having near 100 per 
cent transmissivity as possible, is preferred. In cases where 
100 percent transmissivity is not possible, materials such as 
fused silica (Heraeus Heralux, Momentive 214), synthetic 
quartz (Heraeus Suprasil, Momentive 021 and 022), fluorine 
doped silica (Asahi Glass AQX), and Sapphire (Saphikon 
EFG Sapphire), being generally higher than 80 percent trans 
missive in the wavelengths below 300 nm, are useful. 
0044) Other examples of configurations for systems of 
treating liquids are shown in co-pending U.S. patent applica 
tion Ser. No. 1 1/217,772 entitled “ULTRAVIOLET LIGHT 
TREATMENT CHAMBER and which has been herein 
incorporated by reference in its entirety. 
0045 Referring now to FIGS. 2-5, another example of a 
system for the ultraviolet (UV) treatment of liquids orgases is 
described. The system includes a lamp 202, which is encased 
within an inner sleeve 204. The inner sleeve 204 is itself 
enclosed in a transmissive tube 206 (or a protective layer): 
and the transmissive tube 206 is disposed within a treatment 
chamber 208. The treatment chamber 208 has a reflective 
material 210 interposed between the transmissive tube 206 
and the treatment chamber 208. In this example, the reflective 
material 210 is disposed on its inner surface forming a reflec 
tive surface. In a variation, reflective material 210 may be 
disposed on the outer surface of the transmissive tube 206 
forming a reflective surface. Alternatively, the reflective 
material 210 may be attached to the transmissive tube 206 
forming a reflective surface or the reflective material 210 may 
be a freestanding structure having a reflective surface. Other 
placements and configurations for the reflective material 210 
are possible forming a reflective Surface enveloping by, for 
example, eighty percent, the lamp 202. A liquid or gas 212 
passes through the transmissive tube 206. In one example, the 
treatment chamber 208 is at least 80 percent enclosed. 
0046. The transmissive tube 206 runs through the chamber 
208 where it is exposed to ultraviolet light provided by the 
ultraviolet lamp 202. The tube 206 may carry any type of 
liquid or gas 212, including for example, water, air, experi 
mental reagents, blood components, e.g., red blood cells, 
white blood cells, plasma, beverages for consumption, and 
the like. Therefore, as the liquid orgas 212 passes through the 
ultraviolet transmissive tube 206, the liquid 212 (or gas) is 
exposed to ultraviolet photons useful for treating the liquid or 
gas 212 (and/or items within the liquid or gas 212). A UV 
monitor 220 monitors the level of UV radiation in the treat 
ment chamber 208. 

0047. The treatment chamber 208 has an input port 214 
and an output port 216 that allow for the ultraviolet transmis 
sive tube 206 to run through the chamber 208. In other 
examples, the roles of the input port 214 and output port 216 
are reversed. The input port 214 and the output port 216 are 
fashioned as such to render the chamber 208 as substantially 
enclosed as possible. For example, the input port 214 and/or 
output port 216 may utilize elbow, coiled, or other serpentine 
paths for gas and/or liquid flow to increase enclosure of the 
chamber 208. To further enhance enclosure, the flow path 
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may be constricted to a smaller diameter and/or the reflective 
material 210 may be extended to a distance beyond the Zone 
in which light is introduced. Additionally, additional struc 
tures Such as baffles may also be incorporated into the appa 
ratus to optimize chamber concealment. In any case, any 
number and combination of the aforementioned techniques, 
structures, and devices may be used to increase chamber 
enclosure. 
0048. Although the chamber 208 depicted in FIGS. 2-5 is 
coated with a reflective material 210, understood is that any 
type of reflective material 210 or reflective structure may be 
used. For example, the reflective material 210 which may be 
coated or lined on the inside of the chamber 208 may com 
prise at least one material. Such as polytetrafluoroethylene 
(PTFE), expanded polytetrafluoroethylene (ePTFE), or other 
similar plastics, and may be coated, anodized, or polished 
aluminum. In another example, the reflective material 210 
may be a reflector such as a diffuse or specular reflector. Any 
type of specular reflector, in any type of shape, may be used 
with the present example. In many examples, the reflective 
material 210 has a high level of reflectivity. For instance, the 
reflectivity level of the reflective material 210 may be in the 
range of 80 percent to 100 percent, and some approaches are 
90 percent to 100 percent. 
0049. Although the exact percent reflectivity of the reflec 
tive material 210 may change depending on the particular 
needs of an apparatus, it should be understood that the higher 
the reflectivity, the higher the efficiency of the treatment 
chamber 208. For example, a fully enclosed chamber com 
prising a material with a 90 percent reflectivity in comparison 
to a fully enclosed chamber comprising a reflective material 
with a 99 percent reflectivity will have a lower dose on the 
target. Assuming that the exemplary target and walls are the 
only absorbers in the chamber, on average a photon will be 
reflected back and forth 10 times more in the 99 percent 
reflective chamber than the 90 percent reflective chamber 
before being absorbed by the reflective material. Thus, the 
photons are 10 times more likely to be absorbed by the target 
in a 99 percent reflective chamber than the 90 percent reflec 
tive chamber when the chamber is entirely enclosed. There 
fore, the 99 percent reflective chamber delivers 10 times the 
ultraviolet light dose on the target as the 90 percent reflective 
chamber. 

0050. Similarly, a 99 percent enclosed chamber will 
deliver a higher ultraviolet light dose on a target than a 90 
percent enclosed chamber. In a less enclosed chamber, pho 
tons are more likely to be reflected out of the chamber, thus 
reducing the likelihood of the photons being absorbed by the 
target. As such, the dosage of ultraviolet light treatment ulti 
mately delivered to a target material is inversely related to 
absorbance where reflectivity of the apparatus components 
and enclosability of the chamber affects absorbance. 
0051. The ultraviolet lamp 202 may be of any type useful 
for providing ultraviolet radiation. For example, low pressure 
mercury lamps, medium pressure mercury lamps, excimer 
lamps, flashlamps with Xenon and other fill mixtures, and 
microwave-driven lamps may be used. Other examples of 
lamps are possible. In one example, the ultraviolet lamp 202 
provides at least one wavelength less than 400 nm to a target 
for the deactivation or killing of biological materials therein. 
In another example, the ultraviolet lamp 202 provides at least 
one wavelength less than 400 nm to a target for the destruction 
of chemical compounds. The ultraviolet lamp 202 is con 
nected to a power cable 224 in order to receive power. Addi 
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tionally, end caps 22 may cover the ends of the lamp 202 to 
provide protection for the lamp 202. Furthermore, a lamp 
ballast 208 is also provided to, for example, limit current for 
the lamp 202. 
0052 Furthermore, an additional structure or layer exte 
rior to the reflective material 210 may be provided to protect 
the reflective material 210, contain pressure, or both. Addi 
tionally, the transmissive tube 206 (or a protective layer) may 
contain system pressure. 
0053 As mentioned, the ultraviolet lamp 202 is enclosed 
by the inner sleeve 204, which allows a technician to change 
out the lamp 202 without opening the chamber 208. The inner 
sleeve 204 and the ultraviolet transmissive tube 206 may be of 
any material that is substantially transmissive to ultraviolet 
light. To achieve maximum efficiency of the treatment cham 
ber 208, in some approaches, the material used for the inner 
sleeve 204 and the transmissive tube 206 is near 100 percent 
transmissivity as possible. In cases where 100 percent trans 
missivity is not possible, materials. Such as fused silica (Her 
aeus Heralux, Momentive 214), synthetic quartz (Heraeus 
Suprasil, Momentive 021 and 022), fluorine doped silica 
(Asahi Glass AQX), and sapphire (Saphikon EFG sapphire), 
being generally higher than 80 percent transmissive in the 
wavelengths below 300 nm, are useful. 
0054 Due to the high reflectivity of the reflective material 
210 in the present example, the vast majority of the ultraviolet 
photons are deposited into the liquid or gas (and/or to items 
within the liquid or gas 212) instead of the walls of the 
chamber 208. Consequently, the liquid or gas 212 (and/or 
items in the liquid orgas 212) receive a higher effective dose 
of radiation for a given input power. 
0055. Due to the lack of losses in other parts of the system, 
the upper limit to the number of photons that are absorbed by 
the liquid or gas 212 (and/or items within the liquid or gas 
212) is multiplied by a factor roughly equal to the ratio of 
losses of the wall material of the chamber 208, e.g., as low as 
1 percent, to that of stainless steel, e.g., 40 percent. The exact 
increase in UV dosage is affected by a variety of factors such 
as the number and size of penetrations into the Volume con 
taining the ultraviolet lamp 202 and liquid orgas 212, and any 
other disruptions in the surface of the reflective material 210. 
The overall increase in dosage over previous semi-reflective 
chambers, e.g., stainless Steel chambers, is significant. 
0056. As mentioned, increased fluence may also be 
achieved due to a better reflector or reflective surface when 
using highly transmissive liquids. In this case, a Substantial of 
the Surface area, e.g., greater than 80%, Surrounding the liq 
uid is highly reflective. 
0057. In still other examples, increased uniformity and 
increased fluence are achieved. If the transmissivity of the 
liquid is Substantially high, the increase in uniformity may 
occur but does impact performance as much as the increased 
fluence. 
0058. The increased dosage described above is accompa 
nied by an unexpected increase in uniformity of the dose 
throughout the chamber, when compared to a system with a 
semi-reflective chamber wall. Normally, with higher fluence, 
a decrease in uniformity is expected, but the effect of mini 
mizing the photon losses other than within the target gas or 
liquid produces a more uniform deposition of those photons 
within the target. This effect is essentially independent of 
geometry and primarily depends on the total reflectivity of the 
chamber walls or enclosure and on the transmissivity of the 
components involved. 
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0059 A separate uniformity-enhancing effect which 
occurs for a different reason than the one above arises under 
certain conditions in this chamber. This effect is dependent 
upon the geometry of the chamber. It is also important only 
over a range of transmissivities of the liquid orgas 212. If the 
transmissivity of the liquid or gas 212 exceeds 90-95% (at 
tenuation of 5-10%) over the distance from the light source to 
the chamber wall, then the effect described above does much 
more to create an unexpected uniformity of fluence in the 
chamber, and the effect described below is negligible. If the 
transmissivity is less than 5-10% (attenuation of 90-95%) 
over the distance from the light source to the chamber wall, 
then a very small amount of light reaches the chamber wall 
and once again the effect described below is negligible. For 
the range of transmissivities in the liquid orgas 212 Such that 
the attenuation falls between nominally 5% and 95%, the 
effect described below is important in providing more uni 
form fluence to the target. 
0060. Further, the ultraviolet irradiance provided by the 
present approaches may fall into a variety of different ranges. 
In one example, the ultraviolet irradiance impinging on the 
liquid is in a range of approximately 0.01 W/cm to approxi 
mately 20 W/cm. Other examples of ranges are possible. 
0061 Referring now to FIGS. 6-8, the light absorption 
properties of the some present are herein described. The 
intensity of light which is transmitted through an absorbing 
medium is governed by Beer's Law: 

es 

where I is the initial intensity, X is the distance traveled 
through the absorbing medium, e is the base of natural loga 
rithms (e=2.718282), and C. is an attenuation constant deter 
mined by the characteristics of the medium. If the medium 
and its dimensions are such that only a significant fraction of 
the light is absorbed after a single pass through the medium, 
then the effect shown in FIGS. 6-8 occurs. 

0062 FIG. 6 plots the intensity of light that enters the 
medium (Distance=0) to a particular distance X into the 
medium (Distance=1, with arbitrary units) at which the inten 
sity is 1/e, e.g., approximately /3, of the incident intensity. If 
there is a non-reflecting Surface at X, then the remaining light 
is absorbed and the difference in intensity (and therefore, the 
dose) between Distance=0 and Distance—wherein x=0.72. 
0063 FIG. 7 shows the same situation, but with a 100% 
reflector replacing the non-reflective surface at Distance=X. 
The reflected light is attenuated at the same rate as the inci 
dent light as it travels back through the medium. The intensity 
of light at a given distance is approximately the Sum of the 
incident and the reflected light. For simplicity, any reflected 
light from the surface at Distance=0 is neglected. In many 
applications, that light would be reabsorbed or transmitted 
away, so neglecting it is a good approximation in many cir 
Cumstances. 

0064. The intensity due to the sum of these two curves is 
shown in FIG.8. In this case, the peak intensity is higher (1.14 
vs. 1.00); and, in addition, the difference in intensity between 
Distance=0 and Distance=X is 1.54. This example shows that 
the intensity is much more uniform throughout the medium 
due to the presence of the reflective material. The improve 
ment in uniformity of intensity; therefore, the dose is more 
than 70% in this example. The improvement in uniformity in 
intensity results in higher treatment efficiency and a lower 
peak intensity (less overdosing) to achieve a given dose in the 
media, both of which are significant improvements over prior 
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reflectorless systems. In other words, FIG. 8 shows the gen 
erally uniform light distribution properties of the present 
approaches described herein. 
0065 FIG. 9 illustrates, in a schematic diagram, showing 
a treatment system having a reflective material 210 disposed 
on an inner surface of a chamber 208, in accordance with an 
alternative embodiment of the present invention. In FIG. 9 
and referring back to like elements shown in FIGS. 2-5. 
another example of a system for the ultraviolet (UV) treat 
ment of liquids or gases is described. The system includes a 
lamp 202, which is encased within an inner sleeve 204. The 
inner sleeve 204 is itself enclosed in a transmissive tube 206 
(or a protective layer); and the transmissive tube 206 is dis 
posed within the treatment chamber 208 having a reflective 
material 210 interposed between the inner sleeve 204 and the 
treatment chamber 208. In this example, the reflective mate 
rial 210 is disposed on an inner surface of the chamber 208 
forming a reflective Surface. A fluid, e.g., a liquid or gas 212, 
passes through the treatment chamber 208. In one example, 
the treatment chamber 208 is at least 80 percent enclosed. 
0066. The chamber 208 may carry any type of liquid orgas 
212, including for example, water, air, experimental reagents, 
blood components, e.g., red blood cells, white blood cells, 
plasma, beverages for consumption, and the like. Therefore, 
as the liquid or gas 212 passes through the chamber 208, the 
liquid 212 (orgas) is exposed to ultraviolet photons useful for 
treating the liquid orgas 212 (and/or items within the liquid or 
gas 212). A UV monitor 220 monitors the level of UV radia 
tion in the treatment chamber 208. 

0067. The treatment chamber 208 has an input port 214 
and an output port 216 that allow for the liquid or gas 212 to 
flow through the chamber 208. In other examples, the roles of 
the input port 214 and output port 216 are reversed. The input 
port 214 and the output port 216 are fashioned as such to 
render the chamber 208 as substantially enclosed as possible. 
For example, the input port 214 and/or output port 216 may 
utilize elbow, coiled, or other serpentine paths for gas and/or 
liquid flow to increase enclosure of the chamber 208. To 
further enhance enclosure, the flow path may be constricted to 
a smaller diameter and/or the reflective material 210 may be 
extended to a distance beyond the Zone in which light is 
introduced. Additionally, additional structures such as baffles 
may also be incorporated into the apparatus to optimize 
chamber concealment. In any case, any number and combi 
nation of the aforementioned techniques, structures, and 
devices may be used to increase chamber enclosure. 
0068 Although the chamber 208, depicted in FIG. 9 and 
FIGS. 2-5, is coated with a reflective material 210, understood 
is that any type of reflective material 210 or reflective struc 
ture may be used. For example, the reflective material 210 
which may be coated or lined on the inside of the chamber 208 
may comprise at least one material. Such as polytetrafluoro 
ethylene (PTFE), expanded polytetrafluoroethylene 
(ePTFE), or other similar plastics, and may be coated, anod 
ized, or polished aluminum. In another example, the reflective 
material 210 may be a reflector such as a diffuse or specular 
reflector. Any type of specular reflector, in any type of shape, 
may be used with the present example. In many examples, the 
reflective material 210 has a high level of reflectivity. For 
instance, the reflectivity level of the reflective material 210 
may be in the range of 80 percent to 100 percent, and some 
approaches are 90 percent to 100 percent. 
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0069. Although the exact percent reflectivity of the reflec 
tive material 210 may change depending on the particular 
needs of an apparatus, understood is that the higher the reflec 
tivity, the higher the efficiency of the treatment chamber 208. 
For example, a fully enclosed chamber comprising a material 
with a 90 percent reflectivity in comparison to a fully 
enclosed chamber comprising a reflective material with a 99 
percent reflectivity will have a lower dose on the target. 
Assuming that the exemplary target and walls are the only 
absorbers in the chamber, on average a photon will be 
reflected back and forth 10 times more in the 99 percent 
reflective chamber than the 90 percent reflective chamber 
before being absorbed by the reflective material. Thus, the 
photons are 10 times more likely to be absorbed by the target 
in a 99 percent reflective chamber than the 90 percent reflec 
tive chamber when the chamber is entirely enclosed. There 
fore, the 99 percent reflective chamber delivers 10 times the 
ultraviolet light dose on the target as the 90 percent reflective 
chamber. 

(0070. Similarly, a 99 percent enclosed chamber will 
deliver a higher ultraviolet light dose on a target than a 90 
percent enclosed chamber. In a less enclosed chamber, pho 
tons are more likely to be reflected out of the chamber, thus 
reducing the likelihood of the photons being absorbed by the 
target. As such, the dosage of ultraviolet light treatment ulti 
mately delivered to a target material is inversely related to 
absorbance where reflectivity of the apparatus components 
and enclosability of the chamber affects absorbance. 
0071. The ultraviolet lamp 202 may be of any type useful 
for providing ultraviolet radiation. For example, low pressure 
mercury lamps, medium pressure mercury lamps, excimer 
lamps, flashlamps with Xenon and other fill mixtures, and 
microwave-driven lamps may be used. Other examples of 
lamps are possible. In one example, the ultraviolet lamp 202 
provides at least one wavelength less than 400 nm to a target 
for the deactivation or killing of biological materials therein. 
In another example, the ultraviolet lamp 202 provides at least 
one wavelength less than 400 nm to a target for the destruction 
of chemical compounds. The ultraviolet lamp 202 is con 
nected to a power cable 224 in order to receive power. Addi 
tionally, end caps 22 may cover the ends of the lamp 202 to 
provide protection for the lamp 202. Furthermore, a lamp 
ballast 208 is also provided to, for example, limit current for 
the lamp 202. 
0072 Furthermore, an additional structure or layer exte 
rior to the reflective material 210 may be provided to protect 
the reflective material 210, contain pressure, or both. Addi 
tionally, the transmissive tube 206 (or a protective layer) may 
contain system pressure. 
0073. As mentioned, the ultraviolet lamp 202 is enclosed 
by the inner sleeve 204, which allows a technician to change 
out the lamp 202 without opening the chamber 208. The inner 
sleeve 204 may be of any material that is substantially trans 
missive to ultraviolet light. To achieve maximum efficiency of 
the treatment chamber 208, in some approaches, the material 
used for the inner sleeve 204 is near 100 percent transmissiv 
ity as possible. In cases where 100 percent transmissivity is 
not possible, materials, such as fused silica (Heraeus Heralux, 
Momentive 214), synthetic quartz (Heraeus Suprasil, 
Momentive 021 and 022), fluorine doped silica (Asahi Glass 
AQX), and Sapphire (Saphikon EFG Sapphire), being gener 
ally higher than 80 percent transmissive in the wavelengths 
below 300 nm, are useful. 
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0074. Due to the high reflectivity of the reflective material 
210 in the present example, the vast majority of the ultraviolet 
photons are deposited into the liquid or gas (and/or to items 
within the liquid or gas 212) instead of the walls of the 
chamber 208. Consequently, the liquid or gas 212 (and/or 
items in the liquid orgas 212) receive a higher effective dose 
of radiation for a given input power. 
0075. Due to the lack of losses in other parts of the system, 
the upper limit to the number of photons that are absorbed by 
the liquid or gas 212 (and/or items within the liquid or gas 
212) is multiplied by a factor roughly equal to the ratio of 
losses of the wall material of the chamber 208, e.g., as low as 
1 percent, to that of stainless steel, e.g., 40 percent. The exact 
increase in UV dosage is affected by a variety of factors such 
as the number and size of penetrations into the Volume con 
taining the ultraviolet lamp 202 and liquid orgas 212, and any 
other disruptions in the surface of the reflective material 210. 
The overall increase in dosage over previous semi-reflective 
chambers, e.g., stainless Steel chambers, is significant. 
0076. As mentioned, increased fluence may also be 
achieved due to a better reflector or reflective surface when 
using highly transmissive liquids. In this case, a Substantial of 
the Surface area, e.g., greater than 80%, Surrounding the liq 
uid is highly reflective. 
0077. In still other examples, increased uniformity and 
increased fluence are achieved. If the transmissivity of the 
liquid is Substantially high, the increase in uniformity may 
occur but does impact performance as much as the increased 
fluence. 

0078. The increased dosage described above is accompa 
nied by an unexpected increase in uniformity of the dose 
throughout the chamber, when compared to a system with a 
semi-reflective chamber wall. Normally, with higher fluence, 
a decrease in uniformity is expected, but the effect of mini 
mizing the photon losses other than within the target gas or 
liquid produces a more uniform deposition of those photons 
within the target. This effect is essentially independent of 
geometry and primarily depends on the total reflectivity of the 
chamber walls or enclosure and on the transmissivity of the 
components involved. 
0079 A separate uniformity-enhancing effect which 
occurs for a different reason than the one above arises under 
certain conditions in this chamber. This effect is dependent 
upon the geometry of the chamber. It is also important only 
over a range of transmissivities of the liquid orgas 212. If the 
transmissivity of the liquid or gas 212 exceeds 90-95% (at 
tenuation of 5-10%) over the distance from the light source to 
the chamber wall, then the effect described above does much 
more to create an unexpected uniformity of fluence in the 
chamber, and the effect described below is negligible. If the 
transmissivity is less than 5-10% (attenuation of 90-95%) 
over the distance from the light source to the chamber wall, 
then a very small amount of light reaches the chamber wall 
and once again the effect described below is negligible. For 
the range of transmissivities in the liquid orgas 212 Such that 
the attenuation falls between nominally 5% and 95%, the 
effect described below is important in providing more uni 
form fluence to the target. 
0080. Further, the ultraviolet irradiance provided by the 
present approaches may fall into a variety of different ranges. 
In one example, the ultraViolet irradiance impinging on the 
liquid is in a range of approximately 0.01 W/cm to approxi 
mately 20 W/cm. Other examples of ranges are possible. 
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I0081 Referring back to FIGS. 6-8 in relation to FIG.9, the 
light absorption properties of the some present are herein 
described. The intensity of light which is transmitted through 
an absorbing medium is governed by Beer's Law: 

I=Les es 

where I is the initial intensity, X is the distance traveled 
through the absorbing medium, e is the base of natural loga 
rithms (e=2.718282), and C. is an attenuation constant deter 
mined by the characteristics of the medium. If the medium 
and its dimensions are such that only a significant fraction of 
the light is absorbed after a single pass through the medium, 
then the effect shown in FIGS. 6-8 occurs. 

I0082 FIG. 10 illustrates, in a schematic diagram, showing 
a treatment system having a reflective material 210 disposed 
on an outer surface of a UV-transmissive tube 206, in accor 
dance with another alternative embodiment of the present 
inventors. In FIG. 10 and referring back to like elements 
shown in FIGS. 2-5, another alternate example of a system for 
the ultraviolet (UV) treatment of liquids orgases is described. 
The system includes a lamp 202, which is encased within an 
inner sleeve 204. The inner sleeve 204 is itself enclosed in a 
transmissive tube 206 (or a protective layer); and the trans 
missive tube 206 is disposed within a treatment chamber 208. 
The treatment chamber 208 has a reflective material 210 
interposed between the transmissive tube 206 and the treat 
ment chamber 208. In this example, the reflective material 
210 is disposed on the outer surface of the transmissive tube 
206 forming a reflective surface. Alternatively, the reflective 
material 210 may be attached to the transmissive tube 206 or 
the reflective material 210 may be a freestanding structure. 
Other placements and configurations for the reflective mate 
rial 210 are possible. A liquid or gas 212 passes through the 
transmissive tube 206. In one example, the treatment chamber 
208 is at least 80 percent enclosed. 
I0083. The transmissive tube 206 runs through the chamber 
208 where it is exposed to ultraviolet light provided by the 
ultraviolet lamp 202. The tube 206 may carry any type of 
liquid or gas 212, including for example, water, air, experi 
mental reagents, blood components, e.g., red blood cells, 
white blood cells, plasma, beverages for consumption, and 
the like. Therefore, as the liquid orgas 212 passes through the 
ultraviolet transmissive tube 206, the liquid 212 (or gas) is 
exposed to ultraviolet photons useful for treating the liquid or 
gas 212 (and/or items within the liquid or gas 212). A UV 
monitor 220 monitors the level of UV radiation in the treat 
ment chamber 208. 

I0084. The treatment chamber 208 has an input port 214 
and an output port 216 that allow for the ultraviolet transmis 
sive tube 206 to run through the chamber 208. In other 
examples, the roles of the input port 214 and output port 216 
are reversed. The input port 214 and the output port 216 are 
fashioned as such to render the chamber 208 as substantially 
enclosed as possible. For example, the input port 214 and/or 
output port 216 may utilize elbow, coiled, or other serpentine 
paths for gas and/or liquid flow to increase enclosure of the 
chamber 208. To further enhance enclosure, the flow path 
may be constricted to a smaller diameter and/or the reflective 
material 210 may be extended to a distance beyond the Zone 
in which light is introduced. Additionally, additional struc 
tures Such as baffles may also be incorporated into the appa 
ratus to optimize chamber concealment. In any case, any 
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number and combination of the aforementioned techniques, 
structures, and devices may be used to increase chamber 
enclosure. 

I0085 Although the chamber 208 depicted in FIGS. 2-5 is 
coated with a reflective material 210, understood is that any 
type of reflective material 210 or reflective structure may be 
used. For example, the reflective material 210 which may be 
coated or lined on the inside of the chamber 208 may com 
prise at least one material. Such as polytetrafluoroethylene 
(PTFE), expanded polytetrafluoroethylene (ePTFE), or other 
similar plastics, and may be coated, anodized, or polished 
aluminum. In another example, the reflective material 210 
may be a reflector such as a diffuse or specular reflector. Any 
type of specular reflector, in any type of shape, may be used 
with the present example. In many examples, the reflective 
material 210 has a high level of reflectivity. For instance, the 
reflectivity level of the reflective material 210 may be in the 
range of 80 percent to 100 percent, and some approaches are 
90 percent to 100 percent. 
I0086 Although the exact percent reflectivity of the reflec 
tive material 210 may change depending on the particular 
needs of an apparatus, it should be understood that the higher 
the reflectivity, the higher the efficiency of the treatment 
chamber 208. For example, a fully enclosed chamber com 
prising a material with a 90 percent reflectivity in comparison 
to a fully enclosed chamber comprising a reflective material 
with a 99 percent reflectivity will have a lower dose on the 
target. Assuming that the exemplary target and walls are the 
only absorbers in the chamber, on average a photon will be 
reflected back and forth 10 times more in the 99 percent 
reflective chamber than the 90 percent reflective chamber 
before being absorbed by the reflective material. Thus, the 
photons are 10 times more likely to be absorbed by the target 
in a 99 percent reflective chamber than the 90 percent reflec 
tive chamber when the chamber is entirely enclosed. There 
fore, the 99 percent reflective chamber delivers 10 times the 
ultraviolet light dose on the target as the 90 percent reflective 
chamber. 

I0087. Similarly, a 99 percent enclosed chamber will 
deliver a higher ultraviolet light dose on a target than a 90 
percent enclosed chamber. In a less enclosed chamber, pho 
tons are more likely to be reflected out of the chamber, thus 
reducing the likelihood of the photons being absorbed by the 
target. As such, the dosage of ultraviolet light treatment ulti 
mately delivered to a target material is inversely related to 
absorbance where reflectivity of the apparatus components 
and enclosability of the chamber affects absorbance. 
0088. The ultraviolet lamp 202 may be of any type useful 
for providing ultraviolet radiation. For example, low pressure 
mercury lamps, medium pressure mercury lamps, excimer 
lamps, flashlamps with Xenon and other fill mixtures, and 
microwave-driven lamps may be used. Other examples of 
lamps are possible. In one example, the ultraviolet lamp 202 
provides at least one wavelength less than 400 nm to a target 
for the deactivation or killing of biological materials therein. 
In another example, the ultraviolet lamp 202 provides at least 
one wavelength less than 400 nm to a target for the destruction 
of chemical compounds. The ultraviolet lamp 202 is con 
nected to a power cable 224 in order to receive power. Addi 
tionally, end caps 22 may cover the ends of the lamp 202 to 
provide protection for the lamp 202. Furthermore, a lamp 
ballast 208 is also provided to, for example, limit current for 
the lamp 202. 
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I0089. Furthermore, an additional structure or layer exte 
rior to the reflective material 210 may be provided to protect 
the reflective material 210, contain pressure, or both. Addi 
tionally, the transmissive tube 206 (or a protective layer) may 
contain system pressure. 
0090. As mentioned, the ultraviolet lamp 202 is enclosed 
by the inner sleeve 204, which allows a technician to change 
out the lamp 202 without opening the chamber 208. The inner 
sleeve 204 and the ultraviolet transmissive tube 206 may be of 
any material that is substantially transmissive to ultraviolet 
light. To achieve maximum efficiency of the treatment cham 
ber 208, in some approaches, the material used for the inner 
sleeve 204 and the transmissive tube 206 is near 100 percent 
transmissivity as possible. In cases where 100 percent trans 
missivity is not possible, materials. Such as fused silica (Her 
aeus Heralux, Momentive 214), synthetic quartz (Heraeus 
Suprasil, Momentive 021 and 022), fluorine doped silica 
(Asahi Glass AQX), and sapphire (Saphikon EFG sapphire), 
being generally higher than 80 percent transmissive in the 
wavelengths below 300 nm, are useful. 
(0091 Due to the high reflectivity of the reflective material 
210 in the present example, the vast majority of the ultraviolet 
photons are deposited into the liquid or gas (and/or to items 
within the liquid or gas 212) instead of the walls of the 
chamber 208. Consequently, the liquid or gas 212 (and/or 
items in the liquid or gas 212) receive a higher effective dose 
of radiation for a given input power. 
0092. Due to the lack of losses in other parts of the system, 
the upper limit to the number of photons that are absorbed by 
the liquid or gas 212 (and/or items within the liquid or gas 
212) is multiplied by a factor roughly equal to the ratio of 
losses of the wall material of the chamber 208, e.g., as low as 
1 percent, to that of stainless steel, e.g., 40 percent. The exact 
increase in UV dosage is affected by a variety of factors such 
as the number and size of penetrations into the Volume con 
taining the ultraviolet lamp 202 and liquid orgas 212, and any 
other disruptions in the surface of the reflective material 210. 
The overall increase in dosage over previous semi-reflective 
chambers, e.g., stainless steel chambers, is significant. 
0093. As mentioned, increased fluence may also be 
achieved due to a better reflector or reflective surface when 
using highly transmissive liquids. In this case, a Substantial of 
the Surface area, e.g., greater than 80%, Surrounding the liq 
uid is highly reflective. 
0094. In still other examples, increased uniformity and 
increased fluence are achieved. If the transmissivity of the 
liquid is Substantially high, the increase in uniformity may 
occur but does impact performance as much as the increased 
fluence. 
0.095 The increased dosage described above is accompa 
nied by an unexpected increase in uniformity of the dose 
throughout the chamber, when compared to a system with a 
semi-reflective chamber wall. Normally, with higher fluence, 
a decrease in uniformity is expected, but the effect of mini 
mizing the photon losses other than within the target gas or 
liquid produces a more uniform deposition of those photons 
within the target. This effect is essentially independent of 
geometry and primarily depends on the total reflectivity of the 
chamber walls or enclosure and on the transmissivity of the 
components involved. 
0096. A separate uniformity-enhancing effect which 
occurs for a different reason than the one above arises under 
certain conditions in this chamber. This effect is dependent 
upon the geometry of the chamber. It is also important only 
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over a range of transmissivities of the liquid orgas 212. If the 
transmissivity of the liquid or gas 212 exceeds 90-95% (at 
tenuation of 5-10%) over the distance from the light source to 
the chamber wall, then the effect described above does much 
more to create an unexpected uniformity of fluence in the 
chamber, and the effect described below is negligible. If the 
transmissivity is less than 5-10% (attenuation of 90-95%) 
over the distance from the light source to the chamber wall, 
then a very small amount of light reaches the chamber wall 
and once again the effect described below is negligible. For 
the range of transmissivities in the liquid orgas 212 Such that 
the attenuation falls between nominally 5% and 95%, the 
effect described below is important in providing more uni 
form fluence to the target. 
0097. Further, the ultraviolet irradiance provided by the 
present approaches may fall into a variety of different ranges. 
In one example, the ultraViolet irradiance impinging on the 
liquid is in a range of approximately 0.01 W/cm to approxi 
mately 20 W/cm. Other examples of ranges are possible. 
0098 Referring back to FIGS. 6-8 in relation to FIG. 10, 
the light absorption properties of the Some present are herein 
described. The intensity of light which is transmitted through 
an absorbing medium is governed by Beer's Law: 

es 

where I is the initial intensity, X is the distance traveled 
through the absorbing medium, e is the base of natural loga 
rithms (e=2.718282), and C. is an attenuation constant deter 
mined by the characteristics of the medium. If the medium 
and its dimensions are such that only a significant fraction of 
the light is absorbed after a single pass through the medium, 
then the effect shown in FIGS. 6-8 occurs. 

0099 Information as herein shown and described in detail 
is fully capable of attaining the above-described object of the 
invention, the presently preferred embodiment of the inven 
tion, and is, thus, representative of the Subject matter which is 
broadly contemplated by the present invention. The scope of 
the present invention fully encompasses other embodiments 
which may become obvious to those skilled in the art, and is 
to be limited, accordingly, by nothing other than the appended 
claims, wherein reference to an element in the singular is not 
intended to mean “one and only one' unless explicitly so 
stated, but rather "one or more.” All structural and functional 
equivalents to the elements of the above-described preferred 
embodiment and additional embodiments that are known to 
those of ordinary skill in the art are hereby expressly incor 
porated by reference and are intended to be encompassed by 
the present claims. 
0100 Moreover, no requirement exists for a device or 
method to address each and every problem sought to be 
resolved by the present invention, for Such to be encompassed 
by the present claims. Furthermore, no element, component, 
or method step in the present disclosure is intended to be 
dedicated to the public regardless of whether the element, 
component, or method step is explicitly recited in the claims. 
However, that various changes and modifications in form, 
material, and fabrication material detail may be made, with 
out departing from the spirit and scope of the invention as set 
forth in the appended claims, should be readily apparent to 
those of ordinary skill in the art. No claim herein is to be 
construed under the provisions of 35 U.S.C. S 112, sixth para 
graph, unless the element is expressly recited using the phrase 
“means for.” 
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INDUSTRIAL APPLICABILITY 

0101 The present invention industrially applies to the 
treatment of fluids using ultraviolet light. More specifically, 
the present invention industrially applies to the treatment of 
fluids using ultraviolet light. Even more specifically, the 
present invention industrially applies to the treatment of flu 
ids using ultraviolet light for deactivating microorganisms. 
What is claimed: 
1. An apparatus for the treatment of a liquid comprising: 
a chamber having at least one inner Surface, wherein the 

chamber is adapted for passage of a fluid therethrough; 
an ultraviolet lamp, the ultraviolet lamp being disposed 

within the chamber; and 
a reflective surface enveloping the ultraviolet lamp by at 

least 80 percent, the reflective surface adapted so as to 
reflect at least a portion of light emitted by the ultraviolet 
lamp, wherein the reflective surface is at least 80 percent 
reflective. 

2. The apparatus of claim 1, further comprising an ultra 
violet-transmissive tube, the ultraviolet-transmissive tube 
disposed within the chamber and also being adapted for pas 
sage of the fluid therethrough. 

3. The apparatus of claim 1, wherein the confluence of the 
first light from the ultraviolet lamp and second light and 
subsequent light reflected from the reflective surface produce 
an unexpectedly generally uniform light distribution to occur 
within a volume of the fluid. 

4. The apparatus of claim 3, wherein the fluid is highly 
transmissive and a heightened fluence is achieved in the fluid. 

5. The apparatus of claim 1, wherein the reflective surface 
is disposed so as to line the at least one inner Surface of the 
chamber. 

6. The apparatus of claim 1, wherein the reflective surface 
is disposed by coating a reflective material onto the at least 
one inner surface of the chamber. 

7. The apparatus of claim 2, wherein the reflective surface 
is disposed by coating a reflective material onto at least one 
outer surface of the ultraviolet-transmissive tube. 

8. The apparatus of claim 2, wherein the ultraviolet lamp is 
disposed within a transmissive protective sleeve within the 
ultraviolet-transmissive tube. 

9. The apparatus of claim 1, wherein the reflective surface 
comprises a reflective material comprising at least one mate 
rial selected from a group consisting essentially of polytet 
rafluoroethylene (PTFE), expanded polytetrafluoroethylene 
(ePTFE), coated aluminum, anodized aluminum, and pol 
ished aluminum. 

10. The apparatus of claim 1, wherein the reflective surface 
comprises a reflective material comprising a mixture, the 
mixture comprising of a binder and a reflective additive. 

11. The apparatus of claim 10, wherein the reflective addi 
tive comprises at least one material selected from a group 
consisting essentially of barium sulfate, magnesium fluoride, 
magnesium oxide, aluminum oxide, titanium oxide, holmium 
oxide, calcium oxide, lanthanum oxide, germanium oxide, 
tellurium oxide, europium oxide, erbium oxide, neodymium 
oxide, Samarium oxide, ytterbium oxide, and Zirconium 
oxide. 

12. The apparatus of claim 2, further comprising an input 
port and an output port, wherein the ultraviolet-transmissive 
tube enters and exits the chamber. 

13. The apparatus of claim 1, wherein an ultraviolet irra 
diance impinging on the fluid comprises a range of approxi 
mately 0.01 W/cm to approximately 20 W/cm. 
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14. An apparatus for the treatment of a liquid comprising: 
a chamber having at least one inner Surface, wherein the 
chamber is at least 80 percent enclosed; and is adapted 
for passage of a fluid therethrough. 

an ultraviolet lamp, the ultraviolet lamp being disposed 
within a transmissive protective sleeve disposed within 
the chamber; 

a reflective surface enveloping the ultraviolet lamp by at 
least 80 percent, the reflective surface adapted so as to 
reflect at least a portion of light emitted by the ultraviolet 
lamp, wherein the reflective surface is at least 80 percent 
reflective; and 

wherein the confluence of the first light from the ultraviolet 
lamp and second light and Subsequent light reflected 
from the reflective surface produce a generally uniform 
light distribution to occur within a volume of the fluid. 

15. The apparatus of claim 14, further comprising an ultra 
violet-transmissive tube disposed within the chamber and 
adapted for passage of the fluid therethrough. 

16. The apparatus of claim 14, wherein the transmissivity 
of the liquid is such that its attenuation falls in a range of 
approximately 5 percent to approximately 95 percent. 

17. The apparatus of claim 14, wherein the reflective sur 
face is disposed so as to line the at least one inner Surface of 
the chamber. 

18. The apparatus of claim 15, wherein the reflective sur 
face is disposed by coating a reflective material onto at least 
one outer surface of the ultraviolet-transmissive tube. 
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19. The apparatus of claim 14, wherein the reflective sur 
face is disposed by coating a reflective material onto the at 
least one inner surface of the chamber. 

20. The apparatus of claim 15, wherein the ultraviolet lamp 
is disposed within a protective sleeve within the ultraviolet 
transmissive tube. 

21. The apparatus of claim 14, wherein the reflective sur 
face comprises a reflective material comprising at least one 
material selected from a group consisting essentially of poly 
tetrafluoroethylene (PTFE), expanded polytetrafluoroethyl 
ene (ePTFE), coated aluminum, anodized aluminum, and 
polished aluminum. 

22. The apparatus of claim 14, wherein the reflective mate 
rial comprises a reflective material comprising a mixture, the 
mixture comprising a binder and a reflective additive. 

23. The apparatus of claim 22, wherein the reflective addi 
tive comprises at least one material selected from a group 
consisting essentially of barium sulfate, magnesium fluoride, 
magnesium oxide, aluminum oxide, titanium oxide, holmium 
oxide, calcium oxide, lanthanum oxide, germanium oxide, 
tellurium oxide, europium oxide, erbium oxide, neodymium 
oxide, Samarium oxide, ytterbium oxide, and Zirconium 
oxide. 

24. The apparatus of claim 15, further comprising an input 
port and an output port, wherein the ultraviolet-transmissive 
tube enters and exits the chamber. 

25. The apparatus of claim 14, wherein an ultraviolet irra 
diance impinging on the fluid comprising a range of approxi 
mately 0.01 W/cm to approximately 20 W/cm. 
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